Linalool has two enantiomers, (R)-linalool and (S)-linalool. Both are known to possess several biological activities in stressed animals. Our previous work revealed that inhalation of (R)-linalool altered hypothalamic gene expression in rats under stress. In the present study, we monitored hypothalamic gene expression in restrained rats with and without (S)-linalool inhalation by DNA microarray. The entire gene expression profile showed that inhalation of (S)-linalool significantly changed the expression levels of 316 hypothalamic genes in the restrained rats. The differentially expressed genes (e.g., App, Avp, Igf2, Igfbp2, Sst and Syt5) were found to relate to cell-to-cell signaling and nervous system development. These results indicate that (S)-linalool influences hypothalamic gene expression in restrained rats, and that inhalation of (S)-linalool under the stressed condition has some effects on stressrelated biological responses.
Linalool is a monoterpene compound found in the essential oils of many aromatic plants. Since ancient times, plant essential oils have been used as traditional medicines. Linalool is one of the most-studied constituents of medicinal essential oils. 1) A number of studies have been conducted to investigate its various psychophysiological effects, including its use as a sedative, relaxant, and anti-convulsant. Linalool has (S)-and (R)-enantiomers. (S)-Linalool is a major constituent of the essential oils of coriander seed and sweet orange, whereas (R)-linalool occurs in bergamot, yuzu, and lavender. The two enantiomers of linalool have shown different physiological potencies. [1] [2] [3] [4] (R)-Linalool has been reported to act as a sedative, as known by a distinct decrease in heart rate, while the opposite result was observed for (S)-linalool. 1) In our previous work, we found that inhalation of (R)-linalool altered hypothalamic gene expression in restrained rats. 5) Besides the linalool, odorants such as dimethoxymethylbenzene (DMMB) and coffee bean aroma have been reported to alter gene expression in the rat brain.
6,7) Seo et al. confirmed the effects of roasted coffee bean aroma on the whole brain of rats stressed by sleep deprivation. Later, they found that differentially expressed genes and proteins between a stress group with and without coffee aroma have an anti-stress function. 7) Exposure to DMMB, an odorous component of Bulgarian rose oil, has also been reported to affect mRNA expression of interleukin-6 (IL-6) and its receptor (IL-6R) in the hypothalamus in rats stressed by restraint. Komori et al. found that DMMB significantly increased the expression of IL-6 and reduced stress-enhanced expression of IL-6R, and concluded that DMMB exerts anti-stress effects which might be related to the enhanced activity of a neurotrophic factor IL-6. 6) These studies suggest that transcriptome analysis in a stress model rat is effective in evaluating the in vivo effect of odorants on stress-related responses. Hence, in this study we assessed the physiological effects of (S)-linalool based on transcriptome analysis and measurement of stress hormone level, the same approaches used in our previous studies to assess the physiological effects of (R)-linalool.
5)

Materials and Methods
Animal experiment. Male Wistar rats aged 7-8 weeks were housed in a room controlled temperature, humidity, and 12-h light-dark cycle with lights on at 8:00 and off at 20:00. All the rats were fed a normal chow CRF-1 solid diet (Oriental Yeast, Tokyo). After acclimatization to the environment and to the investigators for 1 week, the eight rats were divided into two groups (n ¼ 4 each): stressed rats with no odor inhalation as control (group C), and rats exposed to both stress and (S)-linalool (group SL). On the experimental day, all the rats were exposed to 2 h of restraint (10:00 to 12:00) by being placed in a plastic tube. The restrained rats were able to breathe freely but were unable to turn around head-to-tail.
During restraint, only the rats in group SL were exposed to (S)-linalool (88% e.e.) as well. For odor inhalation, 20 mL of (S)-linalool was evaporated in the 40 L box in which the restrained rats were placed. After subjection to restraint, the brains were immediately dissected to isolate the hypothalamic blocks, following a procedure y To whom correspondence should be addressed. Tel: +81-44-411-0133; Fax: +81-44-434-5257; E-mail: akio nakamura@t-hasegawa.co.jp described previously.
5) The present study was approved by the Ethics Review Committee of the University of Tokyo, and all eight rats were painlessly sacrificed.
Microarray hybridization. Total RNA was extracted from the hypothalamic blocks by a method that used both the RNeasy Lipid Tissue Mini kit and the RNeasy Mini kit (Qiagen, Hilden), following the manufacturer's protocol. The quality and quantity of total RNA were assessed by Agilent 2100 Bioanalyzer (Agilent Technologies, California). DNA microarray analysis was performed as described previously. 8) In brief, biotinylated aRNA was obtained from 200 ng of purified total RNA with a GeneChip Ò 3 0 IVT Express kit (Affymetrix, California), fragmented, and then hybridized to an GeneChip Ò Rat Genome 230 2.0 Array (Affymetrix), that contains probes for >30,000 rat genes. After hybridization at 45 C for 16 h, the arrays were washed and labeled with phycoerythrin, and the fluorescent signals were scanned by GeneChip Ò Scanner 3000 7G (Affymetrix). Affymetrix GeneChip Ò Command Console (AGCC) was used to reduce the array images to the intensity of each probe (CEL files).
Microarray analysis. The resulting data for the eight arrays were normalized, clustered, and analyzed statistically by statistical language R 2.7.2 and R 2.11.1.
9) The CEL files were normalized by the Distribution Free Weighted (DFW) method. 10) A coefficient of correlation was used to define distance between genes, and groups were hierarchically clustered by the group average method (distances between genes and correlation coefficient) by the package pvclust.
11)
The number of bootstrap replicates was set to 1,000. Two types of p-values were calculated by pvclust: approximately unbiased (AU) probability values, calculated by multiscale bootstrap resampling, and bootstrap probability (BP) values. Clusters (edges) with high AU values (e.g., 95%) were considered to be strongly supported. DEGs between groups were identified by rank products (RP) analysis, 12) with the package RankProd.
13) The number of permutation was set to 500. This generated a list of genes ranked according to log ratio and also a conservative estimate of the percentage of false positives (pfp) and the false discovery rate (FDR). The pfp was adopted because it solved the problem of multiple testing and did not require an additional correction method. The genes with pfp values smaller than 0.05 (5%) were regarded as differentially represented. Some genes were removed from further analysis, and were judged both up-and down-regulated between the two groups, because of varying degrees of gene expression in a group. Functional characterization of differently expressed genes (DEGs) was done by the Ingenuity Pathway Analysis (IPA) software package (http://www.ingenuity.com). Potential upstream regulators of the DEGs were also examined by IPA software and the IPA knowledge database.
Leukocyte count and stress hormone assay. Total numbers and differential counts of leukocytes were done by means of an automated hematology analyzer (Celltac, MEK-6300; Nihon Kouden, Tokyo) and visual check at the microscope. Plasma adenocorticotropic hormone (ACTH) levels were quantified by radioimmunoassay and corticosterone levels by enzyme immunoassay. Between-group differences were examined for statistical significance by Student's t-test. A value of p < 0:05 was considered significant.
Results and Discussion
Analysis of gene expression profiles of restrained rats with and without (S)-linalool inhalation
To elucidate the effects of (S)-linalool on gene expression profiles in the central nervous system, we conducted transcriptome analysis in the hypothalamus of stressed rats exposed to 2 h of restraint. To determine the gene expression profiles of more than 28,000 rat genes, gene expression was analyzed by one color hybridization of the GeneChip Ò Rat Genome 230 2.0 Array (Affymetrix), which contains 31,099 probe sets. Four independent biological replicates for microarray analysis were prepared for each group of rats. First, we focused on differences in the overall gene expression patterns of stressed rats with or without odor inhalation. Hierarchical cluster analysis, using the normalized values of whole probe sets, indicated that members of the (S)-linalool inhaling group (SL1-SL4) and the non inhaling group (C1-C4) were not clearly separated from each other (Fig. 1B) . In the cluster dendrogram, the eight rats were divided into two groups: C2, C3, C4, SL3, SL4, and C1, SL1, SL2. This result for (S)-linalool was quite different from the result for (R)-linalool in our previous study, 8) in which the data for the odor inhaling-group and non-inhaling group clearly separated into different clusters. This suggests that (S)-linalool has a lesser influence than (R)-linalool on overall hypothalamic gene expression in stressed rats.
Statistical analysis showed that (S)-linalool significantly changed signal intensities in 427 probe sets (316 cases of gene expression); the signal intensity differences met the criterion FDR < 0:05 in the rank products test. This indicates the effect of (S)-linalool on hypothalamic gene expression. Figure 2 shows a heat map of the normalized signal intensities for the 427 probe sets that were differentially expressed between the (S)-linalool-inhaling rats and the non-inhaling rats. Among these 427 probe sets, 244 were upregulated (FDR < 0:05) by (S)-linalool inhalation, whereas 183 were downregulated (FDR < 0:05). All probe IDs, symbols, and gene names for the 427 probe sets are listed in Supplemental linalool on hypothalamic gene expression were compared. The result showed very little (7.0%) overlap of differentially expressed genes in the (S)-and (R)-linalool treated rats. In summary, as compared to (R)-linalool, (S)-linalool had a smaller influence on hypothalamic gene expression in stressed rats, and the genes differentially expressed after the (S)-and (R)-linalool treatments differed substantially. These data further confirm that chirality influences the biological effects of linalool on certain physiological parameters, including heart rate, 3) blood pressure, 1) convulsions, 4) and others.
2)
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activation z-score, functions possibly activated by (S)-linalool (z-score > 0) included synaptic transmission, neurotransmission, quantity of synapses, differentiation of neurons, outgrowth of neurites, density of dendritic spines, and memory. Functions possibly inactivated by (S)-linalool (z-score < 0) included quantity of monoamines, paired-pulse facilitation of synapses, concentration of dopamine, synaptic depression, righting reflex, quantity of neurites, reflex, and cell viability of neurons. Next, IPA core analysis was conducted to identify the putative genes responsible for neuron differentiation. Based on the GO database, the (S)-linalool-responsive genes related to ''differentiation of neurons'' included three growth factors (Igf2, Mdk, and Bmp6), three transcription regulators (Zhx2, Mef2C, and Ctnnb1), a phosphatase, a kinase, a ligand-dependent nuclear receptor, an enzyme, and a G-protein coupled receptor, and others. Among these, 10 genes were upregulated by (S)-linalool, whereas the other eight genes were downregulated (Table 2 ). Among the putative 18 genes as above, the IPA knowledge database indicated that regulation of the seven genes was predicted to increase neuron differentiation, while the regulation of five was predicted to decrease it ( Table 2) .
As for concerning the aging-related changes in hypothalamic gene expression reported by Hu et al., 14, 15) the gene expression of synaptotagmin was oppositely affected by (S)-linalool and aging. That is, the gene expression of synaptotagmin (Supplemental Table 1 ) was upregulated by (S)-linalool, while it was downregulated by aging. Synaptotagmin is a calmodulin-dependent protein kinase that plays an essential role in synaptic transmission and plasticity, so that the upregulation of synaptotagmin can enhance learning and memory performance and might enhance a new odor memory and/or promote learning of the odor connected to a stressful experience.
To better understand the effects of (S)-linalool on nervous system development, upstream regulator analysis of the genes differentially expressed after (S)-linalool treatment was conducted by IPA software. By the IPA knowledge database, we identified a number of upstream regulators (Supplemental Table 2 ), including stressresponsive genes and proteins (e.g., NFE2L2, BDNF, FOS, IL1B, and EGR1), ones associated with nervous system development (e.g., App, IGF1, NPY, and CREB1), and others. Of these regulators, EGR1 was predicted to be ''active'' (activation z-score > 2:0), Genes (n ¼ 316) with 427 probe sets which were differentially expressed in odor-inhaled rats were assigned to diverse cellar functions using the functional analysis tool of IPA software. A, Columns represent groups of genes associated with specific diseases and disorders. Significant genes were analyzed based on the IPA algorithm, and were ranked according to p-values calculated by Fisher's exact test. Values of p < 0:05 were considered statistically significant. B, As described above, 316 genes were assigned to the categories of molecular and cellar functions according to IPA. C, The 316 genes were assigned to the categories of physiological system development and function in the same manner.
whereas App, CREB1, and KRAS were predicted to be ''inhibit'' (activation z-score < À2:0). As expected above, the expression level of putative upstream element App was still downregulated after (S)-linalool treatment during 2 h of restraint. BDNF was a common putative upstream element between (S)-linalool and (R)-linalool treatment (data not shown). It is an important neurotrophic factor in adult neurogenesis and the proliferation of newborn neurons. It is known that BDNF levels are decreased in stressed animals, and that stressful experiences, including foot-shock, 16) social stress, and restraint, [17] [18] [19] have a profound impact on neural plasticity in various brain areas. Several studies have also found a relationships between decreased BDNF levels and dementia and depression. [20] [21] [22] In addition, the identified upstream elements included APP, BDNF, NPY, and NGF1, all of which have been found to be associated with synapse formation or functional plasticity in neuronal circuits, [23] [24] [25] [26] [27] further suggesting a role for (S)-linalool in enhancing nervous system development in the adult brain. These putative regulators, responsible for (S)-linalool-induced downstream gene expression suggested several biological functions of odor inhalation in stressed rats. In any case, further studies are needed to determine clearly the effects of linalool on transcriptional regulation in the adult brain. Transcriptome analyses of various brain regions and pharmacological validation of the results should help to define odor-induced effects on the response of the brain to stressors. In addition, since the current study measured the data at only one time point, measurements at different time points are necessary to determine the stress-related effects of aromas over time.
Validation of the stress response by analysis of stress hormone levels and white blood cell counts
To verify the effects of (S)-linalool on the endocrine and immunologic parameters of the restrained rats, stress hormone levels and the leukocyte counts in the collected blood were measured. First, we examined the effects of restraint stress on blood hormone levels and leukocytes. After restraint, ACTH and corticosterone levels (141 pg/mL and 556 ng/mL) were increased above normal levels (43 pg/mL and 95 ng/mL, as found by a previous study). These results, consistent with earlier reports, 28) verified stress induction. Comparing the data from the two subject groups in this study (i.e., restrained rats with and without (S)-linalool inhalation), we found no significant changes in the concentration of plasma ACTH, corticosterone levels, or numbers of white blood cells. These results suggest that (S)-linalool inhalation did not suppress the proper stress responses, which involves the adrenal glucocorticoid endocrine system, at least when used at lower concentrations as in this study. This may be an important feature of linalool with respect to practical use as an alternative medicine for stress, anxiety, and depression. However, in the rats with (S)-linalool inhalation, a significant decrease was observed in the percentage of neutrophils (from 54% to 39.25%), whereas an increase was observed in the percentage of lymphocytes (from 45.25% to 56.75%). This result is similar to what we have observed in the case of (R)-linalool. 5) To summarize, a comparative analysis of the gene expression and blood components of restrained rats showed that (S)-linalool inhalation during 2 h of restraint had a significant effect on the proportions of leukocyte types and on hypothalamic gene expression, but no distinct effect on stress hormone levels. Transcriptional profiling of hypothalamic gene expression revealed that inhalation of (S)-linalool caused significant changes in 316 genes in the restrained rats, and that the differentially expressed genes are associated with the process of cell-to-cell signaling, and nervous system development. In addition, comparison with our previous study of (R)-linalool found very little overlap in the genes differentially expressed after (R)-and after (S)-linalool inhalation. These results confirm that chirality influences the biological effects of linalool on some physiological parameters. Our efforts in this study to determine the effects of odor on hypothalamic transcription in stressed animal models might shed light on the beneficial pharmacological effects of aroma and its potential use in relieving stress or as adjuvant therapy for depressive symptoms. Further studies of various brain regions and data sampling at different time points might contribute to a deeper understanding the psychopharmacological effects of linalool.
